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Members of the UNC-5 protein family are transmembrane receptors for UNC-6/netrin guidance cues. To analyze the
functional roles of different UNC-5 domains, we sequenced mutations in seven severe and three weak alleles of unc-5 in
Caenorhabditis elegans. Four severe alleles contain nonsense mutations. Two weak alleles are truncations of the
cytodomain, but one is a missense mutation in an extracellular immunoglobulin domain. To survey the function of different
regions of UNC-5, wild-type and mutant unc-5::HA transgenes were tested for their ability to rescue the unc-5(e53) null
mutant. Our data reveal partial functional requirements for the extracellular domains and identify a portion of the
cytoplasmic juxtamembrane (JM) region as essential for rescue of migrations. When nine cytodomain tyrosines, including
seven in the JM region, are mutated to phenylalanine, UNC-5 function and tyrosine phosphorylation are largely
compromised. When F482 in the JM region of the mutant protein is reverted to tyrosine, UNC-5 tyrosine phosphorylation
and in vivo function are largely recovered, suggesting that Y482 phosphorylation is critical to UNC-5 function in vivo. Our
data also show that part of the ZU-5 motif is required for UNC-40-independent signaling of UNC-5. © 2002 Elsevier
Science (USA)
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The development of the nervous system is a complex
process involving the interactions of numerous molecules.
The growth cones of neurons migrating through pioneer
territory encounter many different guidance cues and adhe-
sive molecules (reviewed in Giger and Kolodkin, 2000;
Tessier-Lavigne and Goodman, 1996; Van Vactor and
Lorenz, 1999, Dickson, 2001). Several extracellular proteins
that are candidates for guidance cues have been identified.
These include the UNC-6/netrins (reviewed in Culotti and
1 To whom correspondence should be addressed. Fax: (416) 586-
8588. E-mail: culotti@mshri.on.ca.
348Merz, 1998; Livesey, 1999; McFarlane, 2000; Merz and
Culotti, 2000; Kennedy, 2000), the semaphorins (reviewed
in Chen et al., 1998; Nakamura et al., 2000; Tamagnone
and Comoglio; 2000), the slit proteins (Bashaw and Good-
man, 1999; Li et al., 1999; Kidd et al., 1999; Brose et al.,
1999; Stein and Tessier-Lavigne, 2001; reviewed in Zinn
and Sun, 1999; Giger and Kolodkin, 2001), and the ephrins
(Wang et al., 1999; reviewed in O’Leary and Wilkinson,
1999; Holder and Klein, 1999; Nakamoto, 2000; Klein,
2001; Wilkinson, 2001). Several redundant and parallel
acting signaling pathways are probably involved in the
guidance of individual neurons (e.g., Colavita and Culotti,
1998).Caenorhabditis elegans has proven to be an informative
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model system for identifying axon guidance molecules. At
least three genes, unc-5, unc-6, and unc-40, play important
roles in guiding both pioneer axons and mesodermal cells
that migrate along the dorsoventral (D/V) axis of the body
wall (Hedgecock et al., 1990). Genetic and molecular stud-
ies have shown that UNC-6 is an instructive guidance cue
(Ishii et al., 1992; Wadsworth et al.,1996; Hamelin et al.,
1993), while UNC-5 (Leung-Hagesteijn et al., 1992) and
UNC-40 (Chan et al., 1996) are putative UNC-6 receptors
that interpret polarity information provided by UNC-6 and
help to transduce that information into guided migrations.
UNC-6 is a secreted laminin-related protein made on the
ventral side of the worm (Ishii et al., 1992). The ventral
expression of the UNC-6 guidance cue has the potential to
provide polarity information to guide cells and axons that
migrate along the D/V axis of the body wall (Wadsworth et
al., 1996). The action of UNC-5 together with UNC-40 is
largely required to mediate migrations that are guided away
from ventral sources of UNC-6, while UNC-40, acting
alone or in concert with an unknown coreceptor, mediates
migrations toward UNC-6 (Wadsworth et al., 1996). Indeed,
ectopic expression of UNC-5 in the touch receptor neurons
of C. elegans, some of which are normally guided toward
ventral sources of UNC-6 by the action of UNC-40, is
sufficient to steer their axons away from these same UNC-6
sources (Hamelin et al., 1993). These observations lead to
the simple model that UNC-5 and UNC-40 act together to
mediate repulsive responses to UNC-6, while UNC-40 acts
in the absence of UNC-5 to mediate attractive responses to
UNC-6 (Leung-Hagesteijn et al., 1992).
Operating in a manner similar to UNC-6, the vertebrate
UNC-6 homologues, netrin-1 and netrin-2, are expressed in
ventral regions of the CNS (Kennedy et al., 1994). Netrins
expressed in the ventral spinal cord are capable of guiding
commissural axons toward the ventral floorplate by growth
cone attraction (Serafini et al., 1994), while netrins ex-
pressed in the ventral hindbrain have the potential to guide
trochlear motor axons dorsally by growth cone repulsion
(Colamarino and Tessier-Lavigne, 1995). The attractive and
repulsive activities of the netrins and the dependence of
these activities on the UNC-5 and UNC-40/DCC receptors
have been demonstrated by using in vitro axon guidance
systems that rely on the expression of the netrins in
cultured vertebrate cells. These assays demonstrate that
attractive responses of commissural axons to netrin-1 re-
quire DCC, the vertebrate homologue of UNC-40 (Keino-
Masu et al., 1996). The repulsive responses of trochlear
motor axons to netrin-1 are likely to be partially mediated
by an UNC-5 homologue expressed in these neurons (Co-
lamarino and Tessier-Lavigne, 1995), presumably acting in
concert with DCC, although UNC-5 in C. elegans can
mediate some repulsion to UNC-6/netrin in the absence of
UNC-40/DCC (Su et al., 2000). Thus, in evolutionarily
disparate animals, a laminin-related guidance cue is ex-
pressed ventrally and mediates D/V guidance by acting
either as an attractant or as a repellent to different classes of
axons expressing different combinations of UNC-5 and
UNC-40.
In vivo functions of vertebrate netrins and their receptors
have been demonstrated. For example, as predicted from the
previous in vitro work on netrin function and from the C.
elegans unc-6 and unc-40 mutant analysis, DCC and
netrin-1 mutant mice have defects in commissural axon
guidance (Fazeli et al., 1997; Serafini et al., 1996). These
mutant mice also have optic nerve hypoplasia and defects
in the formation of the pontine nuclei that probably result
from alterations in cell migration (Deiner et al., 1997).
Rostral cerebellar malformation (rcm) mice are mutated for
unc-5h3 and have defects in cerebellar granule cell and
Purkinje cell migrations (Ackerman et al., 1997; Przyborski
et al., 1998).
Direct functional interactions between vertebrate homo-
logues of UNC-5 and UNC-40 have been demonstrated in
vitro (Hong et al., 1999). Xenopus spinal cord neurons
express endogenous DCC, which is required to guide axons
toward netrin-1. Coexpression of UNC-5H2 with DCC in
these cells switches this attraction to repulsion. Hong et al.
(1999) showed further that the extracellular domains of
UNC-5 and DCC interact in a netrin-dependent manner.
Functional interactions between cytodomains of these pro-
teins in cells exposed to netrin-1 occurred in the presence of
either the UNC-5 or the DCC ectodomain alone, suggesting
that a conformational change in the cytodomain of UNC-5
or DCC is involved in signal transduction and can be
induced by netrin-1 acting on either ectodomain.
Additional functions of UNC-5 and UNC-40 that were
not detected by in vitro assays of vertebrate homologues
have been revealed by genetic analysis of C. elegans. For
example, although UNC-5 and UNC-40 homologues inter-
act to mediate repulsive responses to UNC-6, the quantita-
tive phenotypic analysis of unc-5 and unc-40 mutant axon
and distal tip cell (DTC) migration defects shows that unc-5
null mutants are more severe than are unc-40 null mutants
(Hedgecock et al., 1990; Merz et al., 2001). This suggests
that UNC-5 also has functions in guiding migrations away
from UNC-6 that are independent of UNC-40 (Merz et al.,
2001).
The existence of several members of each of the netrin,
DCC/UNC-40, and UNC-5 families in the mammalian
genome can complicate functional analysis. For example,
the netrin-1 mouse mutants do not have trochlear axon
guidance defects, although trochlear motor axons express
an UNC-5 homologue, are repelled by netrin-1 in vitro, and
are situated adjacent to a source of netrin-1 in vivo. By
contrast, genetic redundancy is greatly reduced in the C.
elegans genome. For example, in the 99% of the C. elegans
genome sequenced to date, there is only one of each of the
unc-6, unc-40, and unc-5 genes. This simplifies mutant
analysis and interpretation by allowing the function of each
gene, in the absence of functional paralogues, to be analyzed
in vivo.
In order to begin to dissect the in vivo structure/function
relationships of the netrin receptors, we have undertaken a
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detailed phenotypic analysis of unc-5 mutants of C. el-
egans. As a means of assaying UNC-5 functions in vivo, we
have characterized the molecular nature of ten unc-5 mu-
tations and have built and characterized eight additional
transgenic lines expressing domain-specific mutant forms
of unc-5 in an unc-5 putative null genetic background. We
present evidence that these proteins are expressed at appro-
priate levels, allowing functional inferences about different
regions of the protein to be made. These studies reveal
partial requirements for individual predicted extracellular
domains of UNC-5 and also identify residues S380 to Q501
of the cytoplasmic juxtamembrane (JM) region as essential,
directly or indirectly, for receptor function in distal tip cell
and growth cone migrations. These residues are mostly
contained within a larger JM region (C361–T499) previously
shown to mediate UNC-40-dependent functions of UNC-5
(Merz et al., 2001). We show that phosphotyrosine Y482 in
the JM region is required for both the UNC-40-dependent
and UNC-40-independent signaling functions of UNC-5.
Our results further delimit the region of UNC-5’s UNC-40-
independent functions to the Z-D region (between the ZU-5
and the Death Domain), a result that differs from those
predicted by studies of vertebrate UNC-5H2 function in
vitro (Hong et al., 1999).
MATERIALS AND METHODS
General Techniques and Strains
General techniques for the handling of nematodes were de-
scribed by Brenner (1974). C. elegans strain N2 is the wild type.
Phenotypes used in this study were Unc (uncoordinated), Dpy
(dumpy), and Him (high incidence of males). The alleles used were
(LGI): unc-40 (e1430); (LGIV): unc-5(e53), unc-5(e152), unc-5
(e489), unc-5(e553), unc-5(e589), unc-5(e791), unc-5 (ev432),
unc-5(ev480), sup(ev462), unc-5(ev585), unc-5(ju67), dpy-
20(e1282); LGX: unc-6(ev400). unc-5(ev585) and unc-5(ju67) were
provided by D. Merz (Mt. Sinai Hospital, Toronto) and the labora-
tory of Y. Jin (U.C. Santa Cruz), respectively. Aspects of the
phenotypes of some mutants (e53, e152, e553, e589, e791, ev432)
were also characterized previously by Hedgecock et al. (1990).
Molecular biology procedures were as described by Sambrook et al.
(1989), except where noted.
Preparation of RNA
mRNA was isolated from wild-type and mutant strains by using
a Pharmacia microscale mRNA kit (#27-9255-01). Ten large NGM
plates of mixed-stage nonstarved animals were used for each
preparation. The kit was used according to instructions, except that
the animals were treated with guanidinium isothiocyanate (GITC)
in the presence of glass beads and vortexed for 10 s; an equal
volume of phenol was added; and the vortexing continued for 2
min. RNA was precipitated in the presence of glycogen and sodium
acetate. Samples were stored at 70°C in 70% ethanol.
Generation of cDNA
First-strand cDNA synthesis was performed by priming with
random hexamers and using Superscript Reverse Transcriptase
(Gibco/BRL). The amount of cDNA required was empirically
optimized for each PCR.
SSCP Analysis
SSCP was conducted as described by Orita et al. (1989) using
modifications suggested by Spinardi et al. (1991). PCRs were
carried out on cDNA in the presence of pairs of primers whose
overlapping products covered approximately one-third of the gene.
Once the PCR products were generated, a small aliquot was taken
and amplified with the same primers in the presence of 32P. The
products were digested with restriction enzymes that cleaved the
DNA into pieces of approximately 200 nucleotides. The digested
DNA was diluted, boiled in sequencing buffer, and cooled rapidly.
A small aliquot was electrophoresed on a nondenaturing gel. A
fragment from each mutant was digested with the same restriction
enzyme and run on a gel with the same fragment from N2 as a
control. Fragments with aberrant motilities were detected after
exposure to X-ray film. SSCP on the entire cDNA was done for
unc-5(e53), unc-5(e152), unc-5(ev489), unc-5(e791), unc-5(e553)
unc-5(e589). Only one altered fragment was observed consistently
using different PCR products for each of these mutants.
Sequencing of Mutations Found by SSCP
Once aberrant motility of a fragment was detected on an SSCP
gel, this fragment was sequenced by using appropriate primers. The
fragment was separated from primers by centrifugation through a
Qiagen column (#12425). An appropriate amount of product was
then cycle-sequenced by using the New England Biolabs Vent
sequencing kit (#430-100) or the United States Biochemicals seque-
nase kit (US#70770) according to the manufacturers’ instructions.
Once a mutation was detected, it was confirmed by sequencing the
opposite strand cDNA, and the DNA was also sequenced in this
region. In the case of e53, the entire coding region was sequenced
up to nucleotide position 975. ev585, ev489, and e589 were
sequenced up to the position of the mutation. The entire coding
regions of unc-5(ev480), ju67, and ev432 were sequenced by using
single-stranded PCR. Sequencing films were scanned for alterations
by using N2 as control. Splicing mutants were identified by
sequencing exons of mutants with no obvious defects in coding
regions and cDNAs were identified by sequencing of PCR products.
Constructs Encoding Tagged UNC-5 and
Mutant Derivatives
The construct pU5 was made containing 4.5 kb of DNA se-
quence 5 to exon 2, the entire unc-5 cDNA from the start of exon
2 to exon 9, and 1 kb of 3 UTR (similar to pIS23 described in
Hamelin et al., 1993, except that a mutation at residue 43 was
corrected). Exon 1 was not included since it appears to be dispens-
able for function (Leung-Hagesteijn et al., 1992). This construct has
an initiation methionine (defined here as residue number 1) in exon
2 of unc-5 and encodes an UNC-5 protein of 919 amino acids.
Tagged versions were made as follows: pU5::GFP was made by
inserting GFP from pPD95_79 (A. Fire, personal communication;
Chalfie et al., 1994) into a BsaBI site. This results in an in-frame
fusion with GFP after the codon for F909 of UNC-5. pU5::HA was
made by cloning 3 in-frame HA tags on a BglII fragment after the
codon for D889 of UNC-5. Most internal deletions were created by
PCR. For example, the thrombospondin deletion mutants were
made by using opposite-strand primers (one carrying the deletion)
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with 14 bp of overlap for separate PCRs with outside primers. The
products of the two reactions were purified and mixed, PCR
amplified with outside primers, cloned into pU5::HA, and se-
quenced. The other deletions were made in a similar manner or by
using convenient restriction sites. For example, the Z-D deletion
construct was made by simple removal of a BamHI fragment from
pU5::HA. Point mutations were made by using PCR primers
containing the desired alterations. All PCR products were verified
by sequencing the constructs. All the deletion constructs carried
clean in-frame deletions. The Ig(N) mutant construct was made to
contain two point mutations in vicinyl cysteines (C84Y and C86Y)
potentially required for disulfide bond formation. Each deletion is
represented in Fig. 2, delimited by the amino acid residues that
remain at each end of the deleted region.
Generation of Transgenic Lines
The gonads of young adults were microinjected by using the
procedure of Mello and Fire (1995). Most injections were done into
unc-5(e53) or unc-5(e53);dpy-20(e1282)animals. DNA was injected
at a concentration of 100 g/ml for most of the constructs, except
JM, which was injected at 50 g/ml because we were unable to get
transgenic lines at the higher concentration. The coinjection
marker was initially rol-6 (su1006) (pRF4; Kramer et al., 1990), but
later dpy-20() (pMH86; Han and Sternberg, 1990), which were
injected at 50 g/ml. Integrated lines were made by irradiating
transgenic animals with approximately 4000 rads from a 137Cs
source (Mello and Fire, 1995). Lines were then outcrossed by
mating at least twice with him-5 males, and resultant transgenic
males were crossed back into the unc-5(e53);dpy-20(e1282) back-
ground. The Y to F mutant constructs were coinjected into N2
hermaphrodite gonads with F25B3.3::GFP to detect transgenic
animals among the progeny, then passed into unc-5(e53) geneti-
cally.
Detection of Tagged UNC-5
Immunocytochemical detection of UNC-5:HA and UNC-5::GFP
was as described by Finney and Ruvkun (1990), except in this case,
the primary antibody was mouse monoclonal anti-HA 12CA-5 or
rat monoclonal anti-HA 3F10 from Boehringer Mannheim or rabbit
anti-GFP 8367-1 from Clontech. Secondary antibody was FITC-
coupled goat anti-mouse purchased from Molecular Probes,
rhodamine-coupled goat anti-rat from Jackson Laboratories, or
goat-anti-rabbit Alexa 488 from Molecular Probes. Donkey anti-goat
coupled to Alexa 488 was sometimes used as a tertiary antibody for
immunocytology. Anti-phosphotyrosine blots were prepared as
described by Tong et al. (2001). Fluorescence was detected by using
a Leica DM RB microscope equipped with a UV source and I3 and
N2.1 filter sets for detecting GFP and rhodamine, respectively.
Western Blots
Fully-grown, unstarved, mixed-stage populations of animals
were washed from NGM plates, cleaned with PBS, and left for 15
min at room temperature in PBS to clear the gut. Animals were
then frozen at 70°C until use. Protein from various lines was
made by resuspending frozen animals in PLC lysis buffer (50 mM
Hepes, pH 7.5, 150 mM NaCl, 10% glycerol, 1% Triton X-100, 1.5
mM MgCl2, 1 mM EGTA, 100 mM NaF) containing 10 g/ml
aprotinin, 10 g/ml leupeptin, 1 mM PMSF, and 1 mM sodium
vanadate. All the proteins were from integrated lines, except the
ZU-5 and the JM proteins. The animals were frozen and thawed
three times. The resulting lysate was centrifuged at top speed in a
microcentrifuge at 4°C for 20 min. Relative protein concentrations
in the supernatants were approximated by using A280, and 0.3 A280
units were loaded on each lane of a 10% SDS/PAGE mini-gel.
UNC-5::HA was detected on Western blots by using mouse
anti-HA 12CA-5 (Boehringer Mannheim) followed by goat anti-
mouse (Lumi-Light Western Blotting Kit from Boehringer Mann-
heim) as a secondary antibody. The blots were treated according to
the manufacturers’ instructions for 5 min at room temperature, and
chemiluminescence of the blots was detected on Kodak X-OMAT
XB-1 Blue film.
Microscopic Analysis of Defects
In a few cases, failure to execute the second phase of distal tip
cell (DTC) migration was assessed by observing the appearance of
a clear ventral patch in L4 or young adult hermaphrodite using a
dissecting microscope (Hedgecock et al., 1990). In most cases,
however, gonad arms were observed directly by DIC microscopy.
These methods gave similar results.
The relative severity of locomotion defects of mutant animals
was assessed as described in Hedgecock et al. (1990). Single animals
were cloned and grown at 20°C. Mixed stage populations were
ranked blindly several times and placed into one of five categories
on a scale of 0–4, with wild type scoring 0 and the most paralyzed
lines scoring 4. Axon guidance defects in some of the unc-5
mutants were assessed by using a neural-specific promoter of the
unc-129 gene linked to a gene encoding GFP that can be detected by
florescence microscopy. unc-129::gfp expresses in the DA and DB
motor neurons (Colavita et al., 1998) whose guidance is affected in
unc-5 mutants. In some mutants, the VD and DD motor neuron
morphologies were also observed by using an unc-47::gfp reporter
(Eastman et al., 1999).
RESULTS
The modular organization of UNC-5 is unique among the
many Ig domain-containing single pass TM proteins thus
far implicated in the development of the nervous system.
UNC-5’s predicted extracellular region comprises two Ig
domains, Ig(N) and Ig(C) (for N and C proximal, respec-
tively), spanning residues (N18–D93) and (G125–N188),
respectively (Fig. 1). The Ig domains are followed by two
TSP type 1 domains, TSP-1(N) and TSP-1(C), spanning
residues D202–L273 and D274–A327 (Leung-Hagesteijn et
al., 1992). The cytoplasmic portion of UNC-5 also has two
recognizable motifs found in other proteins. These include
a ZU-5 (aka ZO-1) motif (S500–C589) just downstream of
the cytoplasmic juxtamembrane (JM) region (C361–T499)
and a C-terminal Death Domain (DD) (E829–P919) (Hoff-
man and Tschopp, 1995; Leonardo et al., 1997; Schultz et
al., 1998). The JM region separates the TM domain from the
ZU-5 domain, while the Z-D region separates the ZU-5
motif from the Death Domain (Fig. 1C). The ZU-5 motif
appears related to a portion of the Zona Occludens-1
membrane-associated guanylate kinase protein (Ackerman
et al., 1997; Leonardo et al., 1997; Corpet et al., 1998;
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FIG. 1. Quantification of motoraxon (Unc ranking) and distal tip cell (DTC) migration phenotypes in unc-5 mutants. (A) Diagram of DA
and DB motor neurons. (B) Diagram of the structure of normal and mutant gonads that result from phase 2 (ventral to dorsal) DTC migration
defects. (C) Predicted structures of mutant UNC-5 proteins. The predictions are based on the cDNA sequence of the mutant alleles. Amino
acids are numbered from the start of exon 2 since it has been shown that exon 1 is dispensable for rescue of cell migration and axon guidance
defects (Leung-Hagesteijn et al., 1992). The mutant null alleles are; e53 [W283(TGG) to (TAG)], ju67 [W283(TGG) to (TGA)], e791
[Q318(CAA) to (TAA)], and e553 [Q402(CAA) to (TAA)]. In unc-5(e589), exon 4 is spliced to exon 6 causing a frameshift so that E142 is
followed by 49 inappropriate amino acids (open box at C terminus). In unc-5(ev489), exon 2 is spliced to exon 6, causing a frame shift so
that the last correct amino acid is W41 followed by the same 49 inappropriate amino acids. There is also a complex rearrangement in ev489.
Southern blots indicate that this may be an inversion (data not shown). The hypomorphic alleles are: e152 [Q507(CAG) to TAG)], ev480
[R768(CGA) to (TGA)]stop), ev432 (V826 to frameshift removing 93 appropriate and replacing with 69 inappropriate C-terminal residues),
ev585 [C181(TGT) to Y(TAT)]. The phenotypes of these mutants are presented below the predicted mutant protein schematics.
Uncoordinated locomotion (Unc ranking) is ranked from 0 (wild type) to 4 (severely paralyzed) as described in Hedgecock et al. (1990). The
percentage of mutant animals with DTC defects was determined in cohorts of L4 animals by using DIC optics. Axon guidance defects for
the DA and DB motor neurons were scored by using unc-129::GFP (Colavita et al., 1998) as a marker. The defects were scored on a per axon
basis, but only for axons that obviously leave the ventral nerve cord. Approximate position of mutated cysteine codon in the Ig(N) mutant
is indicated with an encircled “X.”
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Schultz et al., 1998; Hong et al., 1999; C. Hogue, personal
communication).
Quantification of Motor Axon and DTC Migration
Defects in unc-5 Mutants
At least 18 unc-5 alleles have been isolated indepen-
dently. We have determined the molecular nature of the
mutations in 10 of these alleles. The strongest unc-5 alleles
are mutations to stop codons (e53, ju67, e791, e553) or
mutations causing a shift in the translational reading frame
predicted to produce mutant UNC-5 proteins that are
truncated extracellularly (ev489, e589) or cytoplasmically
(ev432) (Fig. 1C; see Materials and Methods), but have an
abnormal C-terminal string of amino acids. All of these
alleles except ev432 produce phenotypes effectively indis-
tinguishable from e53, a putative molecular null allele,
suggesting that they are all nulls. The null-like phenotype
of the e553 allele, predicted to terminate translation in the
JM region, suggests that some region of the cytodomain is
absolutely required for UNC-5 activity.
unc-5(ev480) [R768(CGA) to (TGA)] is a moderate Unc
allele predicted to truncate UNC-5 within the Z-D region
between the ZU-5 and Death Domains (Fig. 1C). The unc-5
alleles analyzed with the weakest Unc phenotypes are the
nonsense allele e152 [Q507(CAG) to (TAG)], which is
predicted to truncate translation near the C terminus of the
JM region just inside the ZU-5 motif, and the missense
allele ev585 [C181(TGT) to Y(TAT)], which affects the
predicted disulfide bond in Ig(C) (Fig. 1C) and causes a
temperature-sensitive phenotype (Merz et al., 2001).
The Severity of Uncoordinated Phenotype and
Motor Axon Guidance Defects of unc-5
Mutants Are Correlated
unc-5 mutants have defects in axon growth cone and cell
migrations that normally occur in a ventral-to-dorsal direc-
tion on the body wall (Hedgecock et al., 1990). For example,
motor axons like those of the DA and DB neurons, which
normally grow from cell bodies located in the ventral nerve
cord to the dorsal midline (Fig. 1A), frequently fail to reach
the dorsal midline in unc-5 mutants (Fig. 1C).
Defects in motor axon guidance cause uncoordinated
locomotion. The severity of body movement defects has
been taken as an indication of the severity of motor axon
guidance defects (Hedgecock et al., 1990), a correlation
largely substantiated by the analysis of mosaic animals
(Leung-Hagesteijn et al., 1992). To determine whether the
Unc phenotype correlates with the severity of motor axon
guidance defects in unc-5 mutants, the mutants were
grouped as above according to the relative severity of their
uncoordinated locomotion (Unc) defects (Fig. 1C; see Mate-
rials and Methods), and the morphologies of their DA and
DB pioneer motor axons were determined by using an
unc-129::gfp reporter (Colavita and Culotti, 1998). In mu-
tants of unc-5, the DA and DB motor axons frequently fail
to reach the dorsal nerve cord, but continue to grow along
the epidermis, usually in an abnormal lateral position (not
shown). The motor axon guidance defects of unc-5 mutants
range in severity from 56% misguided (n  91) in unc-
5(ev585) to 96% misguided (n  121) in unc-5(e53), and the
severity of the Unc phenotype in all unc-5 mutants ana-
lyzed correlates approximately with the severity of their
DA and DB axon guidance defects (Fig. 1C).
For some unc-5 mutants, the morphologies of their VD
and DD motoraxons were also determined by using an
unc-47::gfp reporter (Eastman et al., 1999). The severity of
the VD and DD motor axon guidance defects in the unc-5
mutants analyzed again correlates with the severity of their
locomotion defects. Surprisingly, however, the VD and DD
motor axons are substantially more severely affected by
strong unc-5 mutations than are the DA and DB motor
axons. For example, in the putative null allele unc-5(e53),
100% of the VD and DD motor axons failed to even reach
the dorsal muscle band (n  52). In unc-5(ev432), approxi-
mately 98% of the VD and DD motor axons failed to reach
the dorsal nerve cord (DNC), but about 15% (n  52)
reached the dorsal muscle band. In unc-5(e152), nearly all
VD and DD motor axons reached the dorsal muscle band,
but approximately 55% (n  52) failed to reach the DNC.
The Severity of Uncoordinated and DTC Migration
Defects of unc-5 Mutants Are Not
Entirely Correlated
Another readily monitored D/V migration in C. elegans is
the second phase of DTC migration. The two DTCs nor-
mally migrate in three phases to shape the two bilaterally
symmetric hermaphrodite gonad arms (Fig. 1B). Both DTCs
are born in the ventral midbody. In phase 1, they migrate
away from one another along the ventral body wall
muscles. In phase 2, they turn 90o and migrate along the
epidermis to the dorsal side. In phase 3, they turn 90o once
more to migrate along the dorsal body muscles back to-
wards the midbody, where they stop migrating, possibly by
detaching from the body wall. In mutants of unc-5, the
phase 1 and phase 3 migrations occur with proper timing,
but phase 2 frequently fails. In these cases, phase 3 occurs
with normal timing, but along the ventral rather than the
dorsal body muscles (misguided in Fig. 1B) (Hedgecock et
al., 1990; Su et al., 2000).
The strong Unc alleles, ev489, e589, e53, ju67, e791, and
e553, are all highly penetrant for the second phase defect of
the DTC migration (as determined by DIC microscopy).
Anterior DTC defects range from 14 to 27%, while poste-
rior DTC defects range from 59 to 71% in these alleles (Fig.
1C). The only strong Unc allele with moderate DTC defects
is ev432; however, this is an unusual allele of unc-5 in
several respects (see Discussion). In general, the weaker
unc-5 alleles, ev480, ev585, and e152, have less penetrant
DTC migration defects (Fig. 1C). However, the moderate
Unc allele (ev480) is less penetrant for posterior DTC
defects (24%, n  279) than its weak Unc counterparts,
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FIG. 2. Function and expression of mutant UNC-5::HA constructs. (A) The top of the figure shows the predicted structures of UNC-5
deletion and point mutant proteins introduced into unc-5(e53) or unc-5(e53);unc-40(e1430) animals by transgenesis. The proteins have a
triple HA tag near their C terminus. Transgenic animals were made by injecting each of these constructs into unc-5(e53) mutant animals
and were scored for locomotion phenotype (Unc ranking), and for anterior and posterior DTC defects. (B) Western blot analysis of transgenic
lines. Protein preparations were made from various transgenic lines as described in Materials and Methods, and 0.3 A280 units was loaded
onto each lane. The proteins were transferred onto PVDF membrane and probed with anti-HA (CA5) followed by goat anti mouse HRP. The
HRP was activated and chemiluminescence detected on film. The nature of the protein encoded by each transgenic line is indicated above
the appropriate lane. Amino acids that flank both sides of the deleted regions are indicated. Approximate positions of mutated vicinyl
cysteines in the Ig(N) mutant are indicated with encircled “X”s.
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ev585 and e152 (43%, n  180, and 52%, n  191) (P 
0.001). Thus, the weak Unc alleles, ev585 and e152, affect
DTC migrations more than they affect motor axon guid-
ance relative to ev480, which affects motor axon guidance
more than it affects DTC migrations.
Construction and Detection of Tagged UNC-5
Proteins
We made a wild-type unc-5 minigene (Materials and
Methods) and versions of this minigene that encode a GFP
tag or a triple HA tag close to the C terminus of the UNC-5
protein (see Materials and Methods). The rescue was com-
plete for the integrated untagged unc-5 gene and nearly
complete (0% anterior DTC errors and 1–4% posterior
DTC errors at 20°C) for the integrated tagged versions of
unc-5 (Fig. 2A). We did note an infrequent phenotype for the
most highly expressed of 3 GFP-tagged transgenes that
appeared to result from precocious execution of the phase 2
(ventral to dorsal) migration of the DTC (data not shown).
This presumably occurs from increased basal expression of
UNC-5 during the first phase of migration as a result of the
high copy number of the introduced transgene array since it
can be mimicked by using exogenous promoters to drive
high levels of unc-5 expression during the phase 1 DTC
migration (Su et al., 2000). However, a difference in the
basal level expression of tagged unc-5 wild-type transgenes
was not apparent by fluorescence microscopy.
The tagged versions of UNC-5 appear to be expressed in
all of the same cell types and with the same timing as
previously described for unc-5 transcriptional reporters (Su
et al., 2000). Most of these cell types have axon guidance
defects in unc-5 mutants and several have been shown to
require unc-5 cell autonomously for guiding migrations
(Hedgecock et al., 1990; Leung-Hagesteijn et al., 1992; Su et
al., 2000). We observed expression of UNC-5::GFP in motor
neurons during the comma stage of embryogenesis when
axon outgrowth begins, in the ventral nerve cord (Fig. 3A),
the dorsal nerve cord, the commissural motor axons run-
ning between the two cords, the excretory canal (Fig. 3B),
and in the DTCs as they migrate toward and then along the
dorsal side of the animal (Figs. 4A and 4B).
Up-regulation of unc-5 transcriptional reporters was pre-
viously shown to be coincident with the beginning of the
phase 2 (dorsal to ventral) migration of the DTCs (Su et al.,
2000). DTC expression appears slightly delayed when GFP
reporters rather than lacZ reporters are used, possibly
because of the time it takes for the GFP fluorophore to
mature.
The correlation between the expression pattern of func-
tional tagged UNC-5 translational reporters and unc-5 tran-
scriptional reporters indicates that tagged UNC-5 protein
expression is an accurate reflection of endogenous UNC-5
expression. One difference between previously reported
unc-5::lac-z expression and the tagged UNC-5 proteins is
that the tagged protein is localized within cells differently
from the ubiquitous distribution of lacZ product.
UNC-5::GFP was punctate in all tissues in which it was
detected. In neurons, punctate expression is distributed in
cell bodies and along axons. We also observed punctate
expression in the veil-like extensions of the following
portion of the DTC, which wraps the distal gonad arm (Fig.
4B). However, UNC-5::GFP appears more abundant around
the nucleus at the leading end of the cell and frequently
appears most concentrated in the narrow region between
the nucleus and the leading edge membrane of the DTC.
Extracellular Domain Mutants of UNC-5 Only
Partially Affect UNC-5 Function
Having established nearly full rescue of the unc-5 null
phenotype with an HA-tagged version of the wild-type gene,
we were able to use a transgenic approach to survey the
functions of various predicted UNC-5 domains. We rea-
soned that clean removal of predicted UNC-5 structural
domains or point mutations affecting conserved residues
within these domains would be likely to minimize alter-
ations in folding of remaining UNC-5 domains. Several
mutant transgenes were made as shown in Fig. 2A, includ-
ing two point mutations designed to eliminate disulfide
bond formation in the Ig(N) domain and deletions of the
Death Domain, the individual TSP domains, the juxtamem-
brane plus ZU-5 region, the Z-D region, the JM region
alone, and the ZU-5 region alone [DD, Tsp(N), Tsp(C),
JMZ-D, JM, and ZU-5, respectively, in Fig. 2A].
A construct may fail to fully rescue the unc-5(e53)
phenotypes either because the mutant form of the UNC-5
protein is not fully functional or because the corresponding
transgenic animals have less of what may be a fully func-
tional mutant protein. To monitor effects on protein levels,
we created mutants of the HA-tagged version of UNC-5 in
vitro (see Materials and Methods). The control and mutant
UNC-5::HA constructs were introduced by microinjection
into unc-5(e53) mutants, which lack detectable endogenous
UNC-5 activity. For most of the mutant constructs, more
than one transgenic array was derived, and at least one array
of each type was integrated into the genome and back-
crossed at least twice before being examined for their
abilities to rescue locomotory (Unc) and DTC migration
phenotypes (see Materials and Methods).
All but one of our mutant constructs (the Death Domain
deletion) were tagged with HA, so Western blots of proteins
from the corresponding transgenic lines were performed
(Fig. 2B). All the lines produced a detectable amount of the
tagged protein, and the abundance in asynchronous popu-
lations of different transgenic lines was roughly equal. In
addition, all UNC-5::HA constructs appeared to be ex-
pressed at near control (i.e., nonmutant UNC-5:HA) levels
in appropriate cells as determined by immunolocalization
with anti-HA antibodies.
The mutant proteins may be expressed in appropriate
amounts, but could be functionally compromised because
they are not properly localized within cells. We therefore
analyzed UNC-5 localization by in situ immunohistochem-
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istry of the HA-tagged proteins to determine whether the
mutant forms of UNC-5 differed in their in vivo distribu-
tion from the wild-type protein. All of the HA-tagged
proteins were found in cell bodies and axons of VNC motor
neurons (Fig. 3A) that extend axons to the dorsal midline
and within the dorsal nerve cord. Cell bodies and axons
were stained with roughly equal intensity in the HA-tagged
control UNC-5 and in all but two of the mutants (see
below).
Since UNC-5 is a putative receptor for the UNC-6 guid-
ance cue, we also examined the neuronal distribution of
wild-type UNC-5::GFP in unc-6(ev400) mutant animals.
We found that the absence of functional UNC-6 did not
affect in any obvious way the distribution of UNC-5::GFP
in fully developed motor neurons (data not shown).
UNC-5::GFP distribution also appears normal in fully de-
veloped motor neurons of unc-40 mutants (data not shown).
A careful examination of UNC-5::GFP distribution in wild-
type and mutant motor axon growth cones and DTCs as
they migrate will be the subject of future studies.
FIG. 3. Immunocytochemical detection of tagged version of UNC-5 protein in unc-5 (e53) embryos. (A, B) Rescued lines containing
pU5::HA were obtained and were tested for the presence of UNC-5::HA by immunohistochemistry as described in Material and Methods.
(A) Staining of motor neuron cell bodies and axons in the ventral nerve cord. (B) Expression of UNC-5::GFP translational reporter in the
H-shaped excretory canal of a third larval stage animal.
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Rescue by Mutant Transgenes
The Unc and DTC rescue data for the constructs are
summarized in Fig. 2A. For constructs where more than one
transgenic array was made [constructs mutant Ig(N),
Tsp(C), Z-D, DD, JM, and ZU-5], the results were
similar for both arrays.
Ig Domain Mutants
The cysteine mutations in the Ig(N) domain that were
created in vitro had severe effects on the locomotory
phenotype (Unc ranking), but moderate effects on DTC
migration (Fig. 2A). The latter effects were temperature-
sensitive [3% anterior, 30% posterior DTC defects at 16°
(n  209), 4% anterior, 34% posterior defects at 20° (n 
237), and 15% anterior and 55% posterior defects at 25° (n
286)]. Point mutant unc-5(ev585), predicted to eliminate
the disulfide bond of the Ig(C) domain, also affects DTC
migration in a temperature-sensitive manner (Merz et al.,
2001); however, its Unc ranking, and by extension, its
motor axon guidance phenotypes, were moderate (Fig. 1C).
These results suggest that of the two Ig domains, Ig(N) is
preferentially required for axon guidance.
unc-5(e53) animals rescued with the Ig(N) construct had
about 8% (n  156) of their gonads poorly attached to the
basement membrane, usually on the dorsal side, suggesting
that this portion of the molecule could play a role in
adhesion as well as in guidance per se. There also appeared
to be more UNC-5::HA in cell bodies relative to axons in
animals containing the mutant Ig(N) transgenic array. The
cause of this is yet to be determined.
TSP Type I Domain Mutants
Deletion of the TSP-1(N) domain also had moderate
effects on both Unc and DTC migration phenotypes,
whereas deletion of the TSP-1(C) domain had relatively
FIG. 4. (A) Expression and localization of UNC-5::GFP translational reporter in the distal tip cells at various times throughout their
migrations. Dorsal is up in all panels. (A) The leftmost panels are DIC images, and to the right are corresponding images of GFP fluorescence
in the same animals. (B) Expression and localization of UNC-5::GFP in a DTC during its phase 2 (ventral to dorsal) migration as determined
by deconvolution microscopy (Applied Biosystems).
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little effect on DTC migrations and modest effects on the
Unc phenotype (Fig. 2A). These results suggest that the
TSP-1 domains are each partially functional for motor axon
guidance; however, TSP-1(N) appears to be preferentially
required for DTC migrations. There also appeared to be
more UNC-5::HA in cell bodies relative to axons in animals
containing the mutant TSP-1(N) deletion transgene array.
As for the Ig(N) mutant, the cause of this is yet to be
determined.
Deletion of the UNC-5 Cytodomain Z-D Region
or of the Death Domain Only Mildly Affects
UNC-5 Function
Surprisingly, deletion of the Death Domain (following
S815 to the C terminus) or its interruption with in-frame
tag sequences (see Materials and Methods) has detectable
but only slight effects on rescue of the DTC migration or
the Unc phenotype of unc-5(e53). Expression levels of the
Death Domain deletion construct could not be monitored
because it was not tagged, but several independently de-
rived transgenic lines were all rescued equally (data not
shown).
In contrast to the slight effects of the Death Domain
deletion, deletion of the Z-D region (between G608 and
S815) has mild to moderate effects on rescue of the DTC
migration and locomotion phenotypes of unc-5(e53) (Fig.
2A), suggesting that the Z-D region may be responsible for
some, but not all of the function that is lost in the larger
C-terminal truncations of UNC-5, such as the one predicted
for unc-5(e152) (Fig. 1C; also see Merz et al., 2001).
Deletion of the ZU-5 Motif Eliminates UNC-40-
Dependent, but Retains UNC-40-Independent
Functions of UNC-5, While Deletion of
the Z-D Region Does the Opposite
The Z-D deletion mutant behaves like a weak hypo-
morph in unc-5(e53), but like a strong unc-5 hypomorph in
unc-5(e53); unc-40(e1430) double mutant animals (P 
0.001 for posterior DTC defects). These data indicate that
the UNC-5 activity retained by the Z-D deletion is largely
UNC-40-dependent, whereas the activity it has lost is
UNC-40 independent. This Z-D deletion protein is pre-
dicted to be similar to the unc-5(e152) mutant protein
(deficient for everything downstream of the ZU-5 motif),
which was also previously shown to retain its UNC-40-
dependent signaling functions but lose its UNC-40-
independent functions (Merz et al., 2001). This might be
expected given the similarity of their molecular lesions.
The ZU-5 deletion, by contrast to the Z-D deletion,
exhibits a weak hypomorphic phenotype in both an unc-
5(e53) or unc-5(e53); unc-40(e1430) double null mutant
background (Fig. 5) (P  0.2 for posterior DTC comparisons),
indicating the activity it retains is UNC-40-independent,
whereas the activity it has lost is UNC-40-dependent. The
ZU-5 deletion protein therefore has the opposite effect of
the Z-D deletion and unc-5(e152) mutant proteins, retain-
ing its UNC-40-independent, but losing its UNC-40-
dependent activity.
Deletion of the Juxtamembrane Region of the
Cytodomain of UNC-5 Eliminates UNC-5 Function
in DTCs and Nearly Eliminates It in Motorneurons
Constructs deleted for the region encoding a portion of
the JM region and the ZU-5 motif (JMZU-5 deleted
between S380 and G609) failed entirely to rescue the
unc-5(e53) DTC migration phenotype and only slightly
rescued the Unc phenotype (Fig. 2A). Constructs that were
deleted for nearly the entire JM region alone (between S380
and G609) also failed entirely to rescue the DTC migration
phenotype, and only slightly rescued the Unc phenotype,
while constructs deleted for the ZU-5 region alone (between
T499 and G607) moderately rescued both phenotypes (Fig.
2A). These results indicate that some portion of the JM
region is essential for the DTC migration functions of
UNC-5 and this same region is largely required for UNC-5s
motor axon guidance functions [as judged by rescue of
unc-5(e53) locomotion defects, i.e., Unc ranking].
Phosphorylation of Tyrosine482 in the JM Region
Is Necessary and Sufficient for UNC-5
Function in Vivo
Although netrin signaling is being intensively studied,
little is known about the biochemical signaling pathways
activated by the known netrin receptors. For example,
beyond the fact that they lack obvious kinase domains, it
was not known whether either the UNC-5 or the UNC-40
receptor was phosphorylated. Since this work was begun,
Tong et al. (2001) showed that the cytodomains of C.
elegans UNC-5 and of the mouse UNC-5 homolog, RCM,
are tyrosine phosphorylated in an apparent netrin-
dependent manner. To delimit the portions of the UNC-5
intracellular domain that might be required for tyrosine
phosphorylation, protein extracts were made from animals
transgenic for different UNC-5 cytoplasmic deletions, im-
munoprecipitated using anti-HA antibodies, then electro-
phoresed and blotted onto nitrocellulose (see Materials and
Methods). Tyrosine phosphorylation, as monitored by prob-
ing the blots with anti-phosphotyrosine antibodies (Tong et
al., 2001) was substantial in animals transgenic for all of the
HA-tagged mutant constructs except for the JM deletion
mutant (between S380 and Q501), in which tyrosine phos-
phorylation is barely detectable (Fig. 6).
The JM region of C. elegans UNC-5 possesses 7 of the 16
cytodomain tyrosines. At least 3 of the cytodomain ty-
rosines, Y417 (JM region), Y538 (ZU-5 motif), and Y691(Z-D
region), are highly conserved among UNC-5 family mem-
bers. When the codons for these conserved tyrosines were
mutated to phenylalanine (F) codons individually or simul-
taneously, the mutant genes did not obviously affect the
ability to rescue unc-5(e53) animals. In mutant “6F,” si-
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multaneous mutation of 4 JM region tyrosine codons
(Y387, Y388, Y417, Y439) and two conserved cytodomain
tyrosine codons (Y538 and Y691) to phenylalanine codons
nearly eliminated tyrosine phosphorylation of UNC-5::HA,
but had minimal effects on UNC-5 function in vivo as
determined by ability of the transgene to rescue the
locomotion defect of unc-5(e53) animals (Fig. 7). In
mutant “7F,” which has the same 6 Y to F codon
mutations as mutant “6F” plus one additional mutation
in the JM region (Y482F), tyrosine phosphorylation of
FIG. 5. Deletion transgenes identify a domain required for UNC-40-dependent functions of UNC-5. (A) The ZU-5 and the Z-D
constructs were crossed into an unc-5 (e53);unc-40 (e1430) background, and the DTC and locomotory (Unc ranking) phenotypes were
assessed. The data for the same construct in the unc-5(e53) background are taken from Fig. 1 for direct comparison. (B) A schematic of
UNC-5 indicating the regions of the UNC-5 cytodomain required for UNC-40-independent and UNC-40-dependent signaling.
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UNC-5::HA was eliminated and UNC-5 function in mo-
tor neurons was diminished as determined by locomotory
activity (Unc ranking) of transgenic animals. Consistent
with these data, rescue by a transgenic array encoding an
UNC-5 protein containing only the single tyrosine mu-
tation Y482F did not rescue UNC-5 function in vivo any
better that the 7F mutant described above. However,
tyrosine phosphorylation of this single mutant protein
FIG. 6. Deletion of the UNC-5 JM region abrogates UNC-5 tyrosine phosphorylation in vivo. Extracts were made from transgenic animals
as described in Material and Methods. Anti-HA was used to immunoprecipitate proteins and they were electrophoresed and transferred to
a nitrocellulose membrane. The blot was probed with (A) anti-phosphotyrosine and then with (B) anti-HA antibodies. The predicted
structures of the transgenic proteins are shown above each lane.
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was partially restored, probably because other tyrosines
are present and also able to be phosphorylated.
The above results suggest that Y482 in the JM region is
largely required for UNC-5 axon guidance functions in vivo
in C. elegans. To further examine the role of tyrosine
phosphorylated Y482 in the in vivo function of UNC-5, all
of the JM region tyrosines were mutated to phenylalanine
as were the same two additional cytodomain tyrosines
(Y538 and Y691) that were altered in mutants “6F” and
“7F”. This protein (known as mutant “9F”) was not ty-
rosine phosphorylated nor did it rescue the unc-5(e53) Unc
locomotion phenotype any better than any of the other
tyrosine mutant versions of UNC-5. Restoration of Y482 in
the “9F” mutant protein not only restored UNC-5 tyrosine
phosphorylation, but it also largely rescued UNC-5 func-
tion in axons as judged by greatly improved Unc rankings
(Fig. 7). These results indicate that tyrosine phosphoryla-
tion of Y482 in the JM region of UNC-5 is not only required,
but is also largely sufficient (compared with other mutated
tyrosines) for transducing the in vivo axon guidance func-
tions of UNC-5.
Rather than rely entirely on our ability to correlate the
degree of uncoordinated locomotion (Unc ranking) with the
severity of motoraxon guidance defects in transgenic animals,
we also analyzed the effects of Y to F mutations on DTC
migrations (Table 1). The single Y482F mutation appeared
incapable of rescuing the DTC defects of unc-5(e53), suggest-
ing that there is an even greater requirement for this tyrosine
in DTC migrations than in motor axon guidance. Essentially
the same result was obtained for the “9F” strain, which also
has a Y482F alteration. However, when F482 in the “9F”
strain was reverted back to Y482, anterior DTC migrations
were almost entirely rescued (z test based on normal approxi-
mation to the binomial shows the difference between Y482F
and pU5::HA is statistically significant, z  7.6, P  0.0001),
whereas posterior DTC defects were not rescued at all.
DISCUSSION
UNC-5 and DCC are single-pass TM receptors that to-
gether mediate repellent responses to the secreted UNC-6
FIG. 7. Phosphorylation of tyrosine 482 in the JM region of UNC-5 is required for UNC-5 function. (A) Domain structure of UNC-5 and
approximate locations (x) of tyrosines mutated to phenylalanines. (B) Proteins were isolated from transgenic lines expressing single mutant
(Y417F, Y538F, or Y691F) or control (U5HA) proteins (as indicated above each lane) in an unc-5(e53) mutant background. Proteins were
isolated, blotted, probed with anti-phosphotyrosine antibodies, and reprobed with anti-HA antibodies as described in the legend to Fig. 6
and in Materials and Methods. (C) The experiment described in (B) was repeated with transgenic lines expressing multiply mutated forms
of HA-tagged UNC-5 (6F, 7F, 8F, 9F and 9F–F482Y), a single mutant form of HA-tagged UNC-5 (Y482F), and controls (U5HA as wild-type
control and U5 as no HA control). Mutant “6F” has phenylalanine substitutions for 4 of the 7 tyrosines in the JM region (Y417F 
Y439F  Y387F  Y388F) and 2 other conserved tyrosines (Y691F  Y538F) in the ZU-5 and Z-D regions (Y691F  Y538F  Y417F 
Y439F  Y387F  Y388F  Y538F  Y691F). Mutant “7F” has all of the same tyrosine to phenylalanine substituted in mutant “6F” plus
an additional substitution (Y482F) in the JM region (i.e., all those in mutant “6F” plus Y482F).
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guidance cue. To understand how UNC-6 and the verte-
brate netrins function together with their receptors at a
molecular level, we have focused on the genetic and mo-
lecular analysis of one of these receptors, UNC-5. Of the 10
sequenced unc-5 mutations, 9 are predicted to cause prema-
ture termination of protein translation. Five truncate in the
ectodomain, and 4 others truncate in the cytodomain. The
10th sequenced allele, unc-5(ev585), is a missense mutation
that changes the codon of a cysteine in Ig(C) predicted to be
involved in Ig domain folding (Williams and Barclay, 1988)
and causes a temperature-sensitive phenotype (Merz et al.,
2001). This aspect of the ev585 phenotype is mimicked by a
mutant transgene in which the ability of Ig(N) to form a
disulfide bond has been abrogated.
Ectodomain Deletions
Each of the mutations of a single predicted ectodomain
appears to at least partially affect UNC-5-mediated guid-
ance in vivo in C. elegans (Fig. 2A). For example, the TSP-1
domains are each partially functional for motor axon mi-
grations as judged by locomotion assays (Unc ranking);
however, TSP-1(N) appears to be preferentially required for
DTC migrations. The reason for the differential require-
ment of TSP-1(N) in neurons and TSP-1(C) in DTCs is
unknown, but could be related to the distribution of protein
within the migrating cell, or the type of ECM each cell type
encounters and the way the ECM presents guidance cues,
like UNC-6, to the cells.
The absence of an absolute requirement for any one
highly conserved ectodomain suggests that two or more
UNC-5 ectodomains may act coordinately to bind UNC-6
or some required extracellular UNC-6 cofactor(s). However,
the transgenic studies reported here have no bearing on the
question of whether related extracellular domains are func-
tionally redundant. To examine this question, we would
have to simultaneously delete pairs of related ectodomains,
which we have not done.
The previous identification of in-frame deletion mutants
of UNC-6 that eliminate the UNC-5-mediated repellent
functions of this guidance cue, but not its UNC-40-
mediated attractive functions (Wadsworth et al., 1996),
suggests the possibility of a required direct interaction
between a specific region of UNC-6 (its second EGF repeat)
and UNC-5. Data supporting vertebrate netrin/UNC-5/
DCC interactions were reported by Hong et al. 1999, who
presented evidence for netrin-dependent interaction of the
UNC-5 and DCC ectodomains and cytodomains. Another
possibility, suggested by Hong et al. 1999, is that binding of
the UNC-40 ectodomain to UNC-6/netrin may be suffi-
cient to mediate UNC-5-dependent functions by inducing
binding of the DCC cytodomain to the UNC-5 cytodomain.
In this situation, UNC-5 guidance functions may not re-
quire the UNC-5 ectodomain at all. We have not examined
this possibility directly. This would require making trans-
genic animals that express an UNC-5 deleted for its entire
extracellular region. Nonetheless, it is somewhat surprising
that among the variety of extracellular unc-5 mutations
examined (all of which are recessive to the wild-type allele),
not a single one was innocuous as would be expected for a
complete ectodomain deletion according to a stringent
interpretation of the results of Hong et al. (1999).
Cytodomain Mutants
The conserved region of approximately 90 amino acids at
the C terminus of UNC-5 represents a well-known domain
for protein–protein interactions called a Death Domain
(Hoffman and Tschopp, 1995). Given the highly conserved
nature of this domain among UNC-5 homologues from C.
elegans to mouse, it is likely to be important for some
aspect of UNC-5 function. Assuming that the protein is
expressed at approximately the same level as HA-tagged
constructs, the ability of the Death Domain deletion con-
struct to largely rescue the cell migration and Unc pheno-
types of unc-5(e53) suggests that the Death Domain of
UNC-5 is unlikely to have an important role in migration
in vivo. Instead, it has been implicated in a netrin-regulated
anti-apoptotic activity possibly involved in survival of
vertebrate neurons during development (Llambi et al.,
2001), but this phenomenon was not examined in this
study.
The phenotype of the Death Domain deletion is unex-
pected in another respect. The deleted transgene (in which
S815 is the C-terminal residue) is able to rescue unc-5(e53)
to a level that exceeds that of two endogenous unc-5
mutations, ev480 and ev432, which also cause C-terminal
TABLE 1
Requirement of Cytodomain Y482 for UNC-5 Function in Distal
Tip Cell Migrations
Anterior DTC Posterior DTC N
Unc
Ranking
pU5::HA 3% 14% 258 1–2
Y482F 23% 71% 98 2–3
9F 32% 55% 96 3–4
9F  F482Y 3% 56% 270 1–2
Note. Strains harbored unintegrated arrays of constructs made as
described in Materials and Methods. Unstarved animals were
grown at 23°C. Entire cohorts were analyzed for DTC defects as
described in Hedgecock et al. (1990). Only animals carrying an
array of the constructs (determined by presence of a GFP-expressing
coinjection marker) are shown. Siblings lacking the GFP-tagged
array were scored as internal controls and exhibited 19 and 56%
anterior and posterior DTC defects, respectively (N  581).
pU5::HA is the beginning (i.e., control) construct. Strain Y482F
carries a single point mutation in codon 482 converting it from a
tyrosine (Y) to a phenylalanine (F) codon. Strain “9F” has Y to F
codon mutations of seven JM region codons (Y387, Y388, Y417,
Y439, Y482, Y486, Y488) plus two other conserved cytodomain Y
codons (Y538 and Y691). Strain “9F  F482Y” is the same as “9F”
except that the F482 codon is reverted back to a Y codon.
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deletions of the Death Domain. unc-5(ev480) causes a
slightly longer deletion than DD (R768 is the C-terminal
residue), whereas ev432 is a slightly shorter deletion than
DD but is out of frame, causing addition of 69 out-of-
frame residues to its C terminus.
It is possible that the additional residues deleted in the
ev480 protein are the cause for the phenotype of the
corresponding mutant being different from the phenotype
of DD rescued animals, but this seems unlikely in two
respects. One is that the effectively larger cytodomain
deletion caused by e152 is even more functional than
ev480. Another is that ev432 is predicted to encode a longer
cytodomain than DD, but is also less functional than the
DD transgenic array. These results could be readily ex-
plained if ev480 and ev432 proteins were inherently un-
stable or were effective poisons in the absence of wild-type
unc-5. The latter is easier to imagine for the ev432 protein
since it carries 69 novel amino acid residues at its C
terminus. Indeed, David Merz (personal communication)
has shown that unc-5 mutations predicted to remove the
C-terminal residues of the ev432 protein largely restores
UNC-5 functions.
In contrast to transgenics for the Death Domain deletion,
unc-5(e53) animals transgenic for deletions of the jux-
tamembrane (JM) region (S380–Q501) or the JM and ZU-5
(S380–G609) regions together, totally fail to rescue the
DTC defects and also have little rescue activity for the Unc
phenotype. The nearly absolute requirement for the cyto-
plasmic JM region of UNC-5 is somewhat surprising since
the JM region shows the weakest homology when UNC-5
family members are compared. However, this region is
serine- and glycine-rich in all UNC-5 proteins characterized
to date, suggesting it may function as a flexible hinge (see
Leung-Hagesteijn et al., 1992). The JM region may be
required for regulating the changes in conformation of the
cytodomain that have been proposed to occur when the
UNC-5 receptor binds UNC-6/netrin ligand (Hong et al.,
1999). Alternatively, the JM region may be required for
direct physical binding to one or more downstream signal-
ing components.
Tyrosine Phosphorylation of Y482 in the JM
Region of UNC-5 Is Required for Its Cell and
Growth Cone Migration Functions
We found that UNC-5 is tyrosine phosphorylated in a JM
region-dependent manner in vivo, despite the fact that this
receptor has no identified receptor tyrosine kinase motif.
Other receptors of this type include robo, a receptor for slit
(Bashaw et al., 2000), and plexin, a receptor for semaphorins
(Tamagnone et al., 1999). The intracellular region of UNC-5
has 16 tyrosines; 7 in the JM region, 1 in the ZU-5 motif, 6
in the Z-D region, and 2 in the DD domain. Some of these
tyrosines are highly conserved among UNC-5 family mem-
bers, and others are not. Tyrosine phosphorylation was
detectable in animals transgenic for all of the HA-tagged
mutant UNC-5s, but was nearly absent in the JM deletion
transgenics (Fig. 6). Since the JM deletion also fails to rescue
unc-5(e53), the phosphorylation of this domain may be
important for signal transduction. In fact, we have shown
that the phosphorylation of tyrosine 482 is largely required
for UNC-5 activity in motorneurons (judged by Unc rank-
ing) and is absolutely required for UNC-5 activity in the
DTCs. Tyrosine 482 in C. elegans UNC-5 is not one of the
highly conserved tyrosines of this family, however there are
other conserved tyrosines in the JM region of vertebrate
UNC-5 proteins that might serve a similar role as Y482 in
C. elegans UNC-5. Possibly C. elegans UNC-5 utilizes a
different SH2 domain adaptor protein or a related adaptor
with different phophotyrosine specificity than vertebrate
UNC-5s for signal transduction. However, it is also possible
that the phosphorylation of essentially any tyrosine in the
appropriate portion of the JM region regulates UNC-5
activity by regulating the flexibility of its cytodomain.
Regions of the UNC-5 Cytodomain That Regulate
Its UNC-40-Dependent and -Independent
Functions
There is some degree of codependence between UNC-5
and UNC-40 for UNC-6 signaling in C. elegans. The
UNC-6 guidance cue repels all axons that express both
UNC-5 and UNC-40. However, although unc-5 null muta-
tions cause defects that are almost as severe as those of
UNC-6 nulls, the axon guidance and cell migration defects
caused by unc-40 null mutations are not nearly as severe as
those of unc-5 nulls. This suggests that UNC-5 has both
UNC-40-dependent and -independent functions. The hypo-
morphic unc-5(e152) allele is a nonsense mutation in the
Q507 codon, just C-terminal to the JM region and retains
six residues that extend into the region deleted in the
ZU-5 construct. unc-5(e152) has been shown to eliminate
the UNC-40-independent functions of UNC-5, but leaves
intact most or all of its UNC-40-dependent functions (Merz
et al., 2001).
In contrast to the JM deletions, deletion of either the
ZU-5 (between T499 and G607) or the Z-D (between G607
and S815) regions exhibits a partial loss of axon guidance
and DTC migration when introduced as transgenes into an
unc-5(e53) background (Fig. 2A). Transgenic animals ex-
pressing a deletion of the Z-D region of UNC-5 are rescued
for UNC-40-dependent, but not the UNC-40-independent
functions of UNC-5, since the phenotype is much more
severe in an unc-5(e53);unc-40(e1430) background than in
the e53 background. The mutants deleted for the ZU-5
region retain only UNC-40-independent signaling since, in
an unc-5(e53);unc-40(e1430) mutant background, the phe-
notype is not significantly altered (P  0.2). This suggests
that the Z-D region is a region of potential interaction with
proteins that mediate the UNC-40-independent signaling
functions of UNC-5.
Although the UNC-40-dependent signaling functions of
UNC-5 retained by the e152 mutant appear to require only
the JM region (and possibly the 6 residues of the ZU-5
363Structure and Function of UNC-5
© 2002 Elsevier Science (USA). All rights reserved.
domain at the C terminus of the e152 protein), the ZU-5
deletion retains little, if any, UNC-40-dependent signaling.
This could mean that the six C-terminal amino acids of
UNC-5(e152) are required for UNC-40-dependent functions
of UNC-5 or that the unusual juxaposition of the Z-D
region with the JM region in the ZU-5 deletion protein
somehow eliminates the UNC-40-dependent functions of
UNC-5, without affecting the UNC-40-independent func-
tions of the Z-D region. Our results do not distinguish
between these possibilities.
Biochemical interactions have been reported between
vertebrate homologues of the UNC-5 and UNC-40 proteins,
UNC-5H2 and DCC (Hong et al., 1999). In vitro studies
with UNC-5H2 from rat identified an 18-residue DCC-
Binding (DB) motif in the Z-D region of UNC-5H2 that is
required for physical interactions with DCC in vitro. The
DB motif is also present in the same region of the cytodo-
main of C. elegans UNC-5, but does not appear to be
required for the UNC-40-dependent functions of UNC-5,
since it is deleted in both unc-5(e152) and the Z-D
transgenic array, which retain UNC-5’s UNC-40-dependent
guidance functions while eliminating its UNC-40-
independent functions (this paper; Merz et al., 2001). It is
difficult to resolve this apparent disparity in results be-
tween C. elegans and vertebrate UNC-5 proteins. One
possibility is that the details by which the vertebrate
homologues of UNC-5 and UNC-40 interact in cultured
cell assays are different from the way UNC-5 and UNC-40
interact in vivo in C. elegans. Another possibility is that the
interaction between the vertebrate homologues revealed in
vitro does not reflect, or represents only a subset of the
interactions that occur in vivo. A third possibility is that
deletion of the C-terminal DB domain is epistatic to any
interaction that may occur between the DB motif and the
vertebrate UNC-40 homologue DCC. For example, the DB
domain may be an autoregulatory inhibitor of UNC-5
function that is suppressed by its interaction with UNC-
40/DCC, but this interaction is not a factor in the e152
terminal truncation mutant or the Z-D deletion mutant.
It would be interesting to examine the function of the
other known vertebrate DCC homologue, neogenin, in
combination with UNC-5H2 in the vertebrate in vitro axon
guidance system. Perhaps some of the functions ascribed to
DCC in previous experiments actually result from the
action of endogenous neogenin. Analysis of the in vivo
functions of the vertebrate proteins may also be required to
resolve this issue.
Localization of Wild-Type and Mutant UNC-5
Proteins
The differential localization of UNC-5 ectodomain mu-
tant proteins compared with cytodomain mutants in devel-
oped neurons suggests that further analysis of UNC-5
wild-type and mutant protein localization in neurons dur-
ing growth cone migration would be informative. GFP-
tagged UNC-5 constructs may reveal protein localization in
developing animals in the context of mutations in unc-6 or
unc-40. In this way, it may be possible to determine how
UNC-6 and UNC-40 function and distribution in vivo
affect UNC-5 localization within growth cones and cells as
they migrate toward their targets. Analysis of VD motor
axon growth cone migrations in vivo suggests that distinct
growth cone functions may be attributable to specific cues
that guide migrations along the dorsoventral axis of C.
elegans (Knobel et al., 1999). It will be interesting to
determine how unc-5, unc-6, unc-40, and other axon guid-
ance genes affect the detailed mechanisms of these migra-
tions in vivo.
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